Hard X-ray tomography with Paganin's widespread single-distance phase retrieval filter improves contrast-to-noise ratio (CNR) while reducing spatial resolution (SR). We demonstrate that a Gaussian filter provided larger CNR at high SR with interpretable density measurements for two medically relevant soft tissue samples. Paganin's filter produced larger CNR at low SR, though a priori assumptions were generally false and image quality gains diminish for CNR > 1. Therefore, simple absorption measurements of low-Z specimens combined with Gaussian filtering can provide improved image quality and model-independent density measurements compared to single-distance phase retrieval.
Hard X-ray micro tomography non-destructively provides a three-dimensional map of a wide range of samples. 1 Medically relevant tissues are composed primarily of low-Z elements and therefore have low X-ray absorption. Phase contrast methods have been proposed because the phase crosssection is orders of magnitude larger than the absorption cross-section for photon energies on the order of 10 keV. 2 The simplest phase contrast techniques are propagationbased, where Fresnel diffraction from free-space propagation of the X-ray wavefront makes phase information detectable in intensity measurements. 3 Sufficient coherence and propagation distance allow for the wavefront phase shift to be extracted from radiographs at one or more positions downstream. 4, 5 Exact phase retrieval for samples with nonnegligible absorption may require several downstream positions or multiple energies. 6 Still, single-distance approaches can provide semi-quantitative phase retrieval, reduce edge enhancement, and in some cases improve the contrast-to-noise ratio (CNR). 7 The single-distance phase retrieval filter introduced by Paganin et al. is among the most used thanks to its simplicity and large CNR gains. 8 This method has found many applications, for example low-dose medical imaging and virtual histology. [9] [10] [11] [12] However, image quality is a function of both the CNR and the spatial resolution (SR), 13, 14 which Paganin filtering reduces. 15 It is often unclear if CNR gains should be attributed to phase sensitivity or the low-pass effects. Previous experiments have shown that pixel binning of tomography measurements improve the CNR at the expense of SR. 14, 16 The question now arises if low-pass filtering of absorption datasets 17 outperforms Paganin phase retrieval when both CNR and SR are taken into account.
In this study, we present two synchrotron radiation-based microtomography (SRμCT) measurements of biological tissues: a cylinder of paraffin-embedded human cerebellum and a formalin-fixed mouse kidney. Gaussian filtering was applied to the projections prior to reconstruction in absorption contrast a) Electronic mail: weitkamp@synchrotron-soleil.fr mode, while Paganin filtering was used for phase retrieval of the projections before reconstruction. The CNR and SR were measured for a range of filter kernels to optimize image quality.
The human cerebellum tissue was extracted post-mortem with informed consent for scientific use and embedded according to the standard procedure for pathological analysis, i.e. transferred to 4% histological-grade buffered paraformaldehyde, ascending ethanol solutions, xylene, and finally embedded in a paraffin mixture. A stainless-steel punch was used to produce the final 6 mm diameter sample.
One seven-month old female C57BL/6J mouse was anaesthetized with Ketamine/Xylazine and the kidneys were perfused retrogradely via the abdominal aorta 18 at 150 mmHg with 10 ml of phosphate-buffered saline (PBS), 100 ml 4% formaldehyde/1% glutaraldehyde/PBS, 20 ml PBS, 50 ml glycine solution (5 mg/ml in PBS), 40 ml PBS. 4 ml of X-ray contrast agent solution (75 mg iodine/ml) was injected into the vasculature to distinguish blood vessels from tubules. The abdominal cavity was then filled with 4% glutaraldehyde/PBS to crosslink the contrast agent, and the kidneys excised and kept in 4% glutaraldehyde/PBS. The right kidney was mounted in 1% Agar/PBS in a 0.5 ml PCR tubes to avoid movement during scanning.
The SRμCT measurements were performed at Diamond Manchester Imaging Beamline (I13-2, Diamond Light Source, Didcot, UK), where an undulator source is used. 19 Table I shows the acquisition parameters for both measurements.
The optimal photon energy criteria for an absorption contrast measurement is given by µ(E) × D = 2 (equivalent to 13% transmission), where µ(E) is the linear attenuation coefficient and D the sample diameter. 13 Both the brain and kidney samples have µ × D < 2, indicating higher than optimal photon energies.
The conditions for validity of the Paganin phase retrieval are (i) single homogenous material or constant δ /β throughout the specimen, (ii) monochromatic plane wave, and (iii) the detector is in the near-field. 20 It should be noted negligible sample absorption is not required. Previous X-ray grating interferometry measurements of the brain sample confirm arXiv:1910.10557v2 [physics.med-ph] 25 Oct 2019 constant δ /β ratio, 17 however the δ /β ratio is unknown for the mouse kidney. Condition (ii) is valid for the brain measurement with a double-crystal monochromator and previous experimental results have shown Paganin's method is robust for polychromaticity such as filtered "pink beam" radiation. 21 Condition (iii) can be expressed by the critical propagation distance z c = (2a) 2 /λ , with pixel size a and X-ray wavelength λ . For the brain, the 7 cm propagation distance is well within z c = 137 cm. The kidney measurement had 9 cm distance and z c = 9.4 cm. Therefore, the SR for both measurements will not be limited by propagation effects. 20 In fact, the initial SR of the kidney reconstruction was around 6 pixels, due to motion blur and other elements in the optical system. The initial SR of the brain measurement was near the Nyquist limit. Both measurements showed edge enhancement at the outer boundaries of the sample. Both the Paganin and Gaussian filters can be described as a convolution of the transmission projection T (x, y) = I(x, y)/I 0 (x, y). The Paganin filtered projection is given by
where F (F −1 ) denotes a two-dimensional (inverse) Fourier transform, u and v are the Fourier-space coordinates (in units of inverse pixels) dual to x and y, and z the propagation distance. 8, 20 The Gaussian filtered projections are interpreted as software-blurred transmission projections and are defined by
where σ is the standard deviation of the real-space Gaussian filter (in pixels phase shift map, while taking the logarithm of Eq. 2 and multiplying by 1/(2ka) provides the projected β map.
For this study, a filtered back-projection with the standard Ram-Lak filter was used for tomographic reconstruction. All analysis steps were implemented in Matlab (The MathWorks, Inc., Natick, USA).
CNR and SR were measured in the reconstructed slices. CNR is defined with equal-sized, uniform regions of interest (see green and yellow boxes of Figures 1 and 2) . The SR was measured with the method proposed by Mizutani et al. 22 that does not require a noise criterion. Large values of SR correspond to low spatial resolution. Here, SR is normalized by pixel size. We define the image quality factor (QF) as
where SR 0 = 2 pixels is the Nyquist limit for the minimum SR. Here, QF is used as a image quality metric that is maximized at QF = 1 for Nyquist-limited spatial resolution and CNR → ∞. The hyperbolic tangent provides diminishing increases in QF for large CNR. Fig. 1 shows characteristic reconstructed slices of the cerebellum sample after Paganin and Gaussian filtering with increasing kernel sizes. The unfiltered reconstruction is given in the top row for reference. Paraffin (p, black), molecular layer (m, darker gray), and granular layer (g, lighter gray) can be identified in all reconstructions. With increasing filter size, both CNR and SR values increase. Each row has approximately equal spatial resolution. The largest QF is achieved with Gaussian filtering (d), though both filters significantly improve image quality (d,e,f). At low (high) values of SR, Gaussian (Paganin) produces higher QF images. It should be noted that all Gaussian filters produced accurate β values, while only the Paganin filter with δ /β = 10 3 gave accurate δ as confirmed by previous experiments. 17 Fig. 2 shows characteristic reconstructed slices and zooms of the mouse kidney, including the unfiltered datasets (left). Tubular lumina (background, black), tubular tissue (darker gray), and contrast agent in the vascular lumina (lighter gray) can all be identified, particularly after filtering. The highest QF image is produced with Gaussian filter of σ = 2 pixels. For all SR values, the QF of Gaussian filtering is greater or equal to Paganin filtering. Measured β does not depend on the Gaussian filter, while δ is linear to the δ /β of the Paganin filter. The correct δ /β was not known for this sample.
The CNR is plotted against the SR for both samples in Fig. 3 . At small values of SR, Gaussian filtering provides greater CNR. At larger values of SR, Paganin filtering produces greater CNR. For the brain, the crossover is at δ /β = 10 3 , where accurate δ values are given by Paganin filtering. For the kidney, the crossover point was at δ /β = 10 2 . The QF in these larger filter kernel regions is lower because CNR > 1 and therefore the increasing SR is the dominant factor. For the brain specimen, the results of data binning 14, 16 are given, though CNR is lower than for Gaussian filtering for any SR. For convenience, the software binned data were nearest-neighbor interpolated back to their original size prior to reconstruction to have equal pixel size to the other filtered datasets.
It should be noted that while software binning shows smaller QF compared to Gaussian filtering for any SR, it provides the benefit of reducing the three-dimensional dataset's size by the cube of the binning factor. The combination of Gaussian filtering before binning can provide the benefits of both strategies. Mean and median filters also provided lower QF at any SR compared with Gaussian filtering, therefore they are not presented here. Further studies should determine how Gaussian filtering compares with more advanced filters such as bilateral filtering. 23, 24 Future studies are needed to determine the effects of noise level of the projections, sample composition, and propagation distance. Previous results have shown that certain singledistance phase retrieval results are robust against noise, 7 though the initial noise level will limit the maximum achievable CNR and the slope of the SR vs. CNR curve. We expect increasing the propagation distance will benefit the performance of the Paganin filterover Gaussian filtered absorption, although the latter may still perform better than previously expected. Characterizing the beam coherence [25] [26] [27] will help quantify the contributions of phase information versus low pass filtering to CNR gains. Paganin's approach likely proves more advantageous when absorption is negligible.
Gaussian filtering produces higher quality images at high spatial resolution (low SR values) for the two biomedically relevant samples considered here. Being model-independent, it also allows for the quantitative interpretation of gray values. Paganin filtering, though more commonly used, only outperformed Gaussian filtering at low spatial resolution where CNR was already large. These results suggest that for certain medically relevant specimens, the density resolution improvements from phase retrieval can be matched or exceeded by suitably low-pass filtered absorption measurements. These results are especially meaningful for samples with non-neglible absorption. We conclude that both the SR and CNR must be considered when comparing the quality of tomography data.
